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I. STATEMENT OF THE PROBLEM

The propagation of electromagnetic waves in snow at microwave and
millimeter wave frequencies is affected by volume scattering. Snow is a
dense nontenuous medium. In a dense medium, the particles occupy an
appreciable fractional volume. In a nontenuous medium, the permittivities
of the particles are significantly different from that of the background
medium. Our studies are directed towards basic theoretical Investigations
on effects of multiple scattering of waves in dense nontenuous media. We
apply the theory to study the characteristics of coherent and incoherent
waves in snow at microwave and millimeter wave frequencies.

II. SUMMARY OF IMPORTANT RESULTS

A. Dense Media Radiative Transfer Equation
Snow can be characterized as dense media. We have made progress

in the study of active and passive microwave remote sensing of dense media.
In a dense nontenuous medium, the classical radiative transfer theory,
which is based on the assumption of independent scattering, is not valid.
A set of transfer equations has been derived for dense nontenuous media.
The derivation is based on field theory under the quasi-crystalline
approximation with coherent potential on the first moment of the field and
the modified ladder approximation on the second moment of the field. These
equations are called radiative wave equations. They Include a summation of
all the ladder terms and assume a form that is identical to the classical
transfer equations. However, the relations of the extinction coefficient,
the scattering coefficient, the albedo, and the phase functions to the
physical parameters of the medium are modified to include the effects of
dense media. The new equations still preserve the advantages that (I)
multiple scattering of the Incoherent intensities are included, (ii) energy
conservation and reciprocity are obeyed, and (iii) the form of the
equations remains the same as the conventional transfer equations so that
numerical solutions are calculated in the same manner. In addition, the
dense media transfer equation takes into account (i) scattering by
correlated scatterers, (ii) pair-distribution function of scatterer
positions, and (Iii) the effective propagation constant of a dense medium.

Numerical solutions of the dense-media radiative wave equations are
illustrated as a function of incident angles, scattered angles, and
physical parameters of the medium. We have derived the radiative wave
equations for the scalar wave problem, for the vector electromagnetic
propagation of the active remote sensing problem, and for the passive
remote sensing problem. The results of passive remote sensing have found
good agreement with measurements of snow.

Polarimetric signatures are also calculated. Presently, we are
extending the model to study high frequency effects as well as media with
multi-species of particles.
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B. Backscattering Enhancement

Backscattering enhancement has been observed in laboratory

controlled experiments of scattering from discrete particles. The effect
is not contained in the ladder approximation nor in the radiative transfer

theory because the cyclical diagrams which contribute significantly in the
backscattering direction have been ignored. We have first examined

backscattering enhancement by a second-order cyclical theory and have
completed a study based on the resummation of all the cyclical diagrams.
For the case of small scatterers or Rayleigh scatterers, the theory

predicts a sharp peak in the backscattering direction of angular width of

the order 2K"/K' where K' and K" are the real and imaginary parts,
respectively, of the effective propagation constant. A modified cyclical

resummation, which includes the correlation of particle positions for dense

media with small particles, has also been performed.

For the case of moderate-size particles, the scattering is

non-isotropic. We studied the backscattering enhancement of waves by

nonisotropic scatterers. Multiple scattering effects are included by

examining the summation of all the ladder terms and all the cyclical terms.

If the observation angle is in the neighborhood of the backscattering

direction, it is shown that both summations can be related to the

unidirectional point source Green's function of the transport equation.

For the case of small albedo or small optical thickness, the second-order

theory is applied to calculate the Green's function. The angular width of

backscattering enhancement in this case is of the order of the coherent
wave attenuation rate divided by the wavenumber. For the case of large

albedo and large optical thickness, the diffusion approximation is used to
calculate the Green's function. For this case, the angular width is of the

order of the transport rate divided by the wavenumber. The transport rate

is equal to the product of the coherent wave attenuation rate and one minus

the mean cosine of the scattering angle. Hence, the angular width is

substantially smaller for particles with dominant forward scattering and is

in good agreement with experimental observations. Presently, we are

extending the diffusion approximation to the case of vector cyclical

equations and also that of beam propagation. The effects of

pair-distribution functions are also investigated.

0. !-verse Problems in Random Media

The inverse source problem of the scar wave e;iation for a
monochromatic source is generalized to the case of an nhomo geneous

attenuative medium. The attenuative medium can be a lossless random medium

or a lossy deterministic medium in which the coherent field attenuates.

Two generalized holographic imaging equations are obtained based on the
usage of two Green's function G and G. The kernel Df the first equation

with G * is Hermitian and depends on the location and shape of the
recording surface while the equation G- has a non-Hermitian kernel that is

independent of the recording surface. The solutions of the integral

equations are investigated. The nonuniqueness of the solutions are also

related to the nonradiating sources and to the minimum energy solution.
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D. Conventional Transport Theory

We have investigated the small-angle approximation to discrete
random media for the transport theory. Studies were performed for both
plane wave and beam wave solutions. It is found that for particles with an
index of refraction close to 1 and a size parameter larger than 10, the
agreement is excellent. However, for optical propagation through fog, the
difference between the radiative transfer and small-angle approximation can
be more than 30%.
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Radiative Wave Equations for Vector Electromagnetic Propagation

in Dense Nontenuous Media

Leung Tsang and Akira Ishimaru

Department of Electrical Engineering
University of Washington
Seattle, WA 98195, USA

Abstract- A set of radiative wave equations including all four Stokes parameters is derived
for vector electromagnetic wave propagation in dense nontenuous media. The derivation is
based on the quasi-crystalline approximation with coherent potential on the first moment
of the field, and the modified ladder approximation on the second moment of the field.
These two approximations are shown to be energetically consistent for dense nontenuous
media. To simplify the derivation of the radiative wave equations, the model of small
spherical scatterers is used. The derived radiative wave equations assume the same form
as the classical radiative transfer equations. However, the relations of the extinction rate,
the albedo and the phase matrix to the physical parameters of the media include the
effects of dense media and can be different from the classical relations of independent
scattering.

INTRODUCTION

In a dense medium, the particles occupy an appreciable fractional volume. In
a nontenuous medium, the dielectric properties of the particles are significantly
different from that of the background medium. In recent years, studies have
been made in the propagation and scattering of waves in dense nontenuous media
with applications to geophysical terrain such as snow, ice-covered land, soil and
vegetation [1-9]. In a dense nontenuous medium, the assumption of independent
scattering, that is often used in radiative transfer theory '101, is not valid. The
model of a continuous random medium, that has been applied to turbulent media
with a small refractive index fluctuation il1V is not appropriate and the discrete

scatterer model is to be preferred. Differences between continuous medium theory
and discrete scatterer theory have also been discussed '121.

To reconcile the radiative transfer theory and the analytic wave theory, it is
possible to derive radiative transfer type equations from the second moment equa-

tion of the analytic wave theory [8,12,. These types of equations are similar in

form to the classical transfer equation. We call them radiative wave equations to
distinguish them from the classical radiative transfer equations because (1) they
are derived from wave theory and not heuristic and (2) they often correct the
deficiencies of the classical transfer equation when the latter is not valid. In such
cases, major differences exist between the radiative wave equations and the clas-
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Passive Remote Sesing of Dense Nontenuous Media

L. Ts"

DMepat of sistsieal shglaesdag
Uaivesit of Waiwato
Sottle WA w8gs, USA

Abstratt- The thermal microwave emission of media with deme distribution of particles
is studied. A general relation, that holds for media with nonumform as weU as uniform
temperature distrutlon, is first derived between active and passive remote sensing. The
brightness temperature atpausive owing is proportional to the iantegation of the product
of the temperatum distribution and the divergence of the Poynting's vector of active sem-
mng. The governing radiative transfr equations for passive remote sensing of dm media
ar then derived by reference to the coeresponding radiative wave equations for active
sensiag. The radiative wave equations a based on quasicrystalline approximation with
coherent potential for the first moment of the field and a modified ladder approximation
for the second moment of the ld. The numerical results for classical radiative transfer
theory and the dense media transfe theory ae compared. The theory is also used to
compan with brightness temperature measurements over a snow field.

L INTRODUCTION

In recent years, studies have been made in the propagation and scattering of

waves in dense nontenuous media with applications to geophysical terrain such as

snow, ice-covered land, soil and vegetation (1-101. In a dense nontenuous medium,

the assumption of independent scattering, that is often used in classical radiative

transfer theory, (11] is not valid. To reconcile the radiative transfer theory and the

analytic wave theory, it is possible to derive radiative transfer type equations from

the second moment equation of the analytic wave theory [9, 121. We call them

radiative wave equations to distinguish them from the classical radiative transfer

equations because (1) they are derived from wave theory and not heuristically,
and (2) they often correct the deficiencies of the classical transfer equation when
the latter is not valid.

In this paper, a set of radiative wave equations is derived for passive remote

sensing of media with a dense distribution of particles. A general relation is

first derived between active and passive remote sensing, that holds for media with

nonuniform as well as uniform temperature distribution. By using the fluctuation-

dissipation theorem [9] and the symmetry relation of Green's functions, it is shown

that the brightness temperature of passive sensing is proportional to the integra-

tion of the product of the temperature distribution and the divergence of the

Poynting's vector of active sensing. The governing radiative wave equations for

passive sensing are next derived by reference to the corresponding equations that

were derived for active sensing in a previous paper '13). The radiative wave equa-
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Holography and the inverse source problem.
III. Inhomogeneous attenuative media

Leung Tsang. Akira Ishimarn, Robert P. Porter, and Daniel Rouseff

Department of Electrical Engineering. University of Washington. Seattle. Washington 98195

Received November 5. 1986: accepted April 21. 1967

The inverse source problem of the sar wave equation for a monochromatic source is generalized to the case of an
inhomogneous attenuative medium. The attenuative medium can be a losy deterministic medium or a loedem
random medium in which the coherent field attenuates. Two generalized holographic imaging equations are
obtained that are based on the use of two Green's functions. G+. and G._ The kernel for the first equation with G.*
is Hermitian and depends on the location and the shape of the recording surface, whereas the equation with G_ has a
non-Hermitian kernel that is independent of the recording surface. The solutions of the integral equations are
investigated. The nonuniquenem of the solutions are also related to the nonradiating sources and to the minimum
energy solution.

INTRODUCTION PROBLEM STATEMENT

A problem that arises in optics and acoustics is the inverse We consider the inverse source problem for a localized
source problem,1-4 the solution of which consists of deducing monochromatic source p(r) embedded in an inhomogeneous
the source from measurements of the radiated field per- attenuative medium. The wave equation is
formed outside the volume containing the source. The in-
verse source problem is usually formulated in terms of inte- [t2 + ko2n2(r)]#(r) = -pir), (1)
gral equations relating the source to some quantity calculat- where h0 is the free-space wave number. The index of re-
ed from the measured fields. Such equations are sometimes fraction is a complex quantity and is a function of position:
called generalized holographic-imaging equations. Studies
have also been made on the uniqueness of the solution of the n(r) - n'(r) + in'(r), (2)

integral equation, which has been related to the possible with n'(r) > 0 and n'(r) > 0. Superscript primes and dou-
existence of nonradiating sources.3- Previous treatment of ble primes are used to denote the real and imaginary parts.
the inverse source problem has assumed the medium to be respectively. The source region is r. and the recording sur-
.),mogeneous and lossless. Recently, an extension has been face Z is outside the source region. The wave function 0 and

made to the case in which the medium is inhomogeneous and its normal derivative are known on the recording surface.
nonabsorbing., There are two Green's functions G (r, r') and G_(r, r')

In many practical situations, the background medium is associated with the medium. The Green's function G. de-
lossy. Absorption effects are often important in optics, mi- notes an outgoing attenuative wave from a point source, and

crowaves. and acoustics. For the case of wave propagation the Green's function G_ represents an incoming growing
in random media. 9 the coherent wave propagates in an wave:
effective medium and attenuates with distance. In this pa-
per we generalize the results of the inverse source problem of [ ' + k,)n G.(I'. r' ) -6tr - r'). (3)
Refs. 4 and 7 to an inhomogeneous attenuative medium. 172 +k,-n-(r)jG_(r. r') -6(r - r'). (4)
Two integral equations are obtained that are based on the
use of two Green's functions. In the first case, the backprop- It then follows that the wave function 0 is
agated wave attenuates back to the source region. The
kernel is complex Hermitian. However, it is dependent on i(r) dr'G,(r. r'1p(r'). (5)

the location and the shape of the recording surface. The
mathematical development in this case is similar to that of For the case in which the medium is homogeneous with nir)
Ref. 7. In the second case the backpropagated wave grows n ,o, the Green's functions G0 . and Go- are. respectively.
back to the source region. The kernel is independent of the iklr - r'l)
location and the shape of the recording surface, which has to G0 (r. r') - ex r - r(6
lie outside the source region. However, the kernel is com- 4v-r - el

plex non-Hermitian. The solutions of the two integral expi -ikir - rl)
equations are investigated. The nonuniqueness ofthesolu. G0 (r, r') -- r- (7
tions is also related to the nonradiating sources and to the

minimum energy sources. with
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A Numerica Comparison of the Phase Perturbation,

Field Perturbation and Kirchhoff Approximations

for Random Rough Surface Scattering
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ABSTRACr - MIS phase peswbaton shaqW is a method for neS wave scattering from

rough mufas. Winsbmmier and Ishimare showed that the phase perturbation expressions for

the refection and backcawring coefficients nduce to those of classical field perturbation theory

for small surface toughness. Their analysis also indicated that the reflection coefficient reduces

exactly and the backacateing coefficient approximately to those of the Kirchhoff approximation

for gently undulating surfaces. We numerically verify these results for a on-dimensional surface

with Gaussian surface spectrum satisfying Dirichlet boundary conditiom. We find that the phase

perturbation backscauering coefficient reduces numerically to that of Kirchhoff over a large range

of paramete values when the Kirchhoff approximation is considered to be valid. In addition, the

phase perturbation results differ from the field perturbation and Kirchhoff results when neithr

classical method is expected to give accurate results. Energy conservation is also considered.

perturbation methods

Kirchhoff approximation

rough surface scattering

wave scattering

random Gaussian surfaces
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BACKSCATTERING ENHANCEMENT OF RANDOM DISCRETE

SCATTERERS OF MODERATE SIZES

by

Akira Ishimaru and Leung Tsang

Department of Electrical Engineering

University of Washington

Seattle, Washington 98195

Abstract:

The scattering of waves by particles of moderate size is
nonisotropic. In this paper, the backscattering enhancement of

scattering of waves by nonisotropic scatterers is studied. Multiple

scattering effects are included by examining the summation of all the

ladder terms and all the cyclical terms. If the observation angle is in

the neighborhood of the backscattering direction, it is shown that both

summations can be related to the unidirectional point source Green's

function of the transport equation. For the case of small albedo or

small optical thickness, the second order theory is appiled to calculate

the Green's function. The angular width of backscatter'.ng enhancement in

this case is of the order of the coherent wave attenuation rate divided

by the wavenumber. For the case of large albedo and large optical

thickness, the diffusion approximation is used to calculate the Green's

function. For this case, the angular width is of the order of the

transport rate divided by the wavenumber. The transport rate is equal to

the product of the coherent wave attenuation rate and one minus the mean

cosine of the scattering angle. Hence, the angular width is substan-

tially smaller for particles with dominant forward scattering and is in

good agreement with experimental observations.
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Leung Tlang and Alira Ishimaru
Department of Electrical Engineering
University of Washington
Seattle, WA 98195

The classical radiative transfer equation has been used
extensively in studying volume scattering In remote sensing
problem. The advantages of using the radiative transfer
theory are that (i) multiple scattering of the incoherent
Intensities are Included in the theory, (ii) energy conser-
vation Is satisfied, and (Ili) numerical solutions are
tractable. However, the transfer equation, in its classical
form, is not applicable for dense nontenuous media.

In a dense medium, the particles occupy an appreciable
fractional volume. In a nontenuous medium, the permittivity
of the particles is significantly different from that of the
background medium. In a dense nontenuous medium, the
assumption of independent scattering of the particles no
longer holds so that the classical transfer equation is not
valid. In this paper, we derive a set of "new" transfer
equations from analytic wave theory. The approximations
made on the analytic wave theory are (1) quasi-crystalline
approximation with coherent potential on the first moment of
the field and (1i) a modified ladder approximation for the
second moment of the field. These two approximations are
shown to satisfy energy conservation. The differences
between the "new" set of transfer equations and the
classical ones will be discussed. Both the scalar wave
equations and the vector electromagnetiq propagation will be
studied.

238



PASSIVE REMOTE SENSING OF TERRAIN WITH A
DENSE DISTRIBUTION OF PARTICLES

. Leung Tsang
Department of Electrical Engineering

University of Washington
Seattle, Washington 98195

Passive remote sensing has been applied to terrain media
where particles are densely distributed. The radiative transfer
equation, in Its classical form, has been commonly used to study
the volume scattering effects of these problems. However, it has
been demonstrated, both experimentally and theoretically, that
independent scattering is not true in media with a dense
distribution of particles, and the classical radiative transfer
equation is not valid.

Recently, a set of "new" transfer equations has been derived
from analytic wave theory for dense media. The differences
between the "new" set of transfer equations and the classical
ones will be discussed. The new equations still preserve the
advantages that (1) multiple scattering of the Incoherent
intensities are Included, (ii) energy conservation is satisfied,
and (iii) numerical solutions are tractable. Numerical results
of the brightness temperatures based on the theory will be
illustrated using the physical parameters of the terrain media.

Commission F: Remote Sensing Theory

Presented at the National Radio Science Meeting, Philadelphia,
Pennsylvania, June 1986.
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B1O-4 BACKSCATTERING ENHANCEMENT FOR RANDOM DISCRETE
0940 SCATTERERS OF MODERATE SIZE

Leung Tsang and Akira Ishimaru
Department of Electrical Engineering
University of Washington
Seattle, Washington 98195

Backacattering enhancement for random discrete
scatterers was previously studied by calculating the
contributions of cyclical scattering terms in multiple
scattering processes. The method was applied to the case of
small particles, where it was shown that the cyclical
scattering processes exhibit a peak In the backscattering
direction with angular width 2K"/K' with K' and K" being the
real and Imaginary parts of the effective propagation
constant. In this paper, the method is extended to the case
of scatterers romparable to or larger than a wavelength.
The problem of a plane wave normally incident on a half
space of dielectric spheres is considered. The problem is
of particular interest because besides the peak due to
cyclical scattering, there can also be a peak due to single
scattering In the Mie phase function. Numerical results are
illustrated as a function of particle size and
concentration. The relative importance of the two peaks
will be discussed.
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CONVENTIONA. AID NIW RDZATIV TRhASF9 EQUAIONS FOR
VOLtM SCATTRIZNG iN GEOPHYSICAL MEDIA

Leung Tsang and to"en Wen
Department of Electrtcal Ingtneertn

University ot Wshtngton
Seattle. Washingon 96195

Reesntly. a set of now raiattve transfer equattons ua been
derived from wave theory for electromagnett wave propagation ta
dens geophyslcal media. The aotivation Is that Onventional
transfer equations asus independent Scatterring Which 1 not vaid
in dene media. The differenoe between the conventional and new
transfer equations wtll be discussed. The now equatione Still.
preeerve the advantages that (i) multiple scattering of the
Incoherent Intensities are included, (It) energy conservation and
reciprocity are obeyed, and (it) the form ot the equation* remains
the sae a the conventional transfer equattons so that numerical
solutions are calcuilated in the same manner. In addition, the
dense e ta transfer equation taxes into account (I) scattertng by
correlated scatterers, (11) patr-4stribution function of scatterer
posittons. and (tit) the effectivre propagation constant of a dense
seium. In thits paper, we also inow nuLertoal results based on the
now transport equattons uing -e physical parameters of the
terrain sedt and compare theu -; n that of the conventional theory
and experimental data tn both actve and passive remote sensing.
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We lnves~doib polnizico. 1 -1 1- of the IcMMUd Uld scutg to a diacfese

ss mod. Thus mdi cm apply to a sumbeir aioser n m diL to pmdcuwa we asn it to
repese first- Sad mift-Yea sa M a L- and C-b1i We discuss pornahal ways to infe
8eo0 ysca ; OF d-s of the samnuga medium modI salag cocaplew Wnfmho about tin
PolfaiOn of ie scaused lW (Og.. poidon, of poLvdadon nMs and ds. o poloizadon).
especially an cae a ,be- and emes-polarued becksAaw cross sections amn do not
plOvid MUCh geophysical afoemsdon. Although t sacarift model used to t Wnual
inveauPam my be somewhat we simple to pedict detailed. quanratve potls no
propesusof eaMe. it doeIoii comeidi ubl isghtMiudAnce inchoosingpolarineui
quandues to eaman adata of this kWa become available.
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